Supplemental oxygen is frequently used in an attempt to improve oxygen delivery; however, prolonged exposure results in damage to the pulmonary endothelium and epithelium. Although NF-kB has been identified as a redox-responsive transcription factor, whether NF-kB activation exacerbates or attenuates hyperoxic lung injury is unclear. We determined that sustained NF-kB activity mediated by IkBb attenuates lung injury and prevents mortality in adult mice exposed to greater than 95% O 2 . Adult wild-type mice demonstrated evidence of alveolar protein leak and 100% mortality by 6 days of hyperoxic exposure, and showed NF-kB nuclear translocation that terminated after 48 hours. Furthermore, these mice showed increased expression of NF-kB-regulated proinflammatory and proapoptotic cytokines. In contrast, mice overexpressing the NF-kB inhibitory protein, IkBb (AKBI), demonstrated significant resistance to hyperoxic lung injury, with 50% surviving through 8 days of exposure. This was associated with NF-kB nuclear translocation that persisted through 96 hours of exposure. Although induction of NFkB-regulated proinflammatory cytokines was not different between wild-type and AKBI mice, significant up-regulation of antiapoptotic proteins (BCL-2, BCL-XL) was found exclusively in AKBI mice. We conclude that sustained NF-kB activity mediated by IkBb protects against hyperoxic lung injury through increased expression of antiapoptotic genes.
Oxygen therapy is commonly employed in an attempt to improve oxygen delivery, and yet prolonged exposure results in lung injury. No pharmacologic strategies to attenuate hyperoxic lung injury have been identified. We show that enhancing hyperoxia-induced NF-kB activity attenuates lung injury, and thus represents a potential therapeutic target.
The first studies demonstrating the lethal effect of inspiring high concentrations of oxygen were published over a century ago (1) . Due to this toxicity, hyperoxic exposure has been widely used in animal studies to induce and study acute lung injury (2) . Despite this, no pharmacologic therapies to attenuate hyperoxic lung injury have been identified.
Hyperoxia induces proinflammatory cytokine expression (3) , and results in pulmonary endothelial and epithelial cell death (4) . Given these facts, both antiinflammatory and antiapoptotic strategies have been employed to attenuate hyperoxic lung injury. Although anti-inflammatory interventions have met variable success (5) (6) (7) (8) (9) , increasing the expression of antiapoptotic factors in transgenic murine models results in attenuated hyperoxic lung injury (10) (11) (12) . These studies suggest that preventing hyperoxia-induced apoptosis can prevent lung injury, but the transcriptional mechanism mediating expression of these factors is largely unknown.
Hyperoxia-induced NF-kB activation has been documented in both pulmonary epithelial and endothelial cells (13) . Whether this response is protective or injurious is unclear. Some in vivo studies suggest that intact NF-kB signaling confers protection against hyperoxia-induced lung injury (14, 15) , whereas inhibition of oxidant stress-induced NF-kB activity exacerbates cell death (16) (17) (18) (19) . In contrast, NF-kB activity can potentiate a proinflammatory response to hyperoxia (20) . Overall, the role of NF-kB in modulating the pulmonary response to hyperoxia is complicated. For example, NF-kB confers a protective response to oxidative stress through increased expression of antioxidant enzymes (e.g., manganese superoxide dismutase [MnSOD] , glutathione peroxidase]), antiinflammatory cytokines (IL-6, IL-11), and antiapoptotic genes (21) . However, NF-kB may exacerbate lung injury through expression of both pro-oxidant enzymes (e.g., cyclo-oxygenase [COX]-2, reduced nicotinamide adenine dinucleotide phosphate oxidase NOX2 [gp91 phox]), and proinflammatory proteins (e.g., IL-1a, CD40, CXCL1, and intercellular adhesion molecule [ICAM]-1) (21) . It is important to clarify whether NF-kB is cytoprotective or detrimental in hyperoxia to devise therapeutic strategies to obviate lung injury.
The penultimate step of NF-kB nuclear translocation and DNA binding involves the inhibitory proteins, IkBa and IkBb (22) . In quiescent cells, IkB proteins sequester NF-kB in the cytoplasm. Exposure to inflammatory stress (LPS, TNF-a) results in phosphorylation and degradation of these proteins, allowing NFkB nuclear translocation. Importantly, although both IkBa and IkBb inhibit NFkB activation, signaling mediated by these proteins results in specific target gene expression. Because IkBa and IkBb preferentially bind unique NF-kB dimer combinations, and these dimer combinations bind to unique DNA sequences, different downstream genes are targeted (23) . In addition, after degradation, both newly synthesized IkBa and IkBb enter the nucleus. A nuclear export sequence found on IkBa allows it to export DNA-bound NF-kB complexes from the nucleus (24) . In contrast, IkBb lacks a nuclear export sequence (25) , and remains in the nucleus, facilitating sustained binding of NF-kB dimers to DNA (26) . These differences have important implications for the expression of NF-kB target genes, as the duration of NF-kB nuclear localization plays a role in determining which target genes are expressed (27) . Despite the known differences between IkBa and IkBb, the unique roles of these proteins in modulating hyperoxia-induced NF-kB activation in the lung remains unexplored. In addition, although studies of hyperoxiainduced NF-kB activation have investigated the role of IkBa, no studies have evaluated the role of IkBb.
Using AKBI mice, in which IkBb cDNA has been inserted behind the IkBa promoter, and thus overexpress IkBb and do not express IkBa (28), we demonstrate that prolonged NF-kB signaling enhances improved survival after exposure to hyperoxia. This protection occurs despite enhanced expression of proinflammatory cytokines, and is likely secondary to increased expression of protective cytokines and antiapoptotic genes. These findings suggest that strategies aimed at enhancing NF-kB activity may represent a therapeutic target to prevent hyperoxic lung injury.
Materials and Methods
Animal Model ICR mice were purchased from Taconic and AKBI, or IkBb knockin, mice were a gift of Richard Cohen (Harvard University, Cambridge, MA). Adult mice (6-8 wk old) were exposed to room air or hyperoxia (O 2 . 95%) in an A-chamber (BioSpherix, Redfield, NY). Ambient carbon dioxide was maintained at under 1,200 ppm. All procedures were approved by the Institutional Animal Care and Use Committee at the Children's Hospital of Philadelphia (Philadelphia, PA). 
Preparation of Cytosolic and Nuclear Extracts
Freshly collected whole lungs were collected, and cytosolic and nuclear extracts prepared (15 (30) . To identify nonspecific binding of nuclear proteins, competition reactions were performed by addition of 50-fold excess of the nonradiolabeled NF-kB consensus sequence to the reaction mixtures before electrophoresis.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining
Lung sections were assessed for apoptosis using the DeadEndFluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) system (Promega). Digital images were obtained using an Olympus IX71 fluorescence microscope (Olympus America, Center Valley, PA), and quantitation performed on five highmagnification fields per section, with sections from three separate animals assessed per time point.
Quantitative Real-Time PCR Relative mRNA levels were evaluated by quantitative real-time PCR using the TaqMan gene expression system (Applied Biosystems, Carlsbad, CA). Total lung RNA was extracted with TRIzol Plus RNA Purification System (Ambion, Carlsbad, CA). RNA was assessed for purity and concentration using the NanoDrop (ThermoFisher Scientific, Waltham, MA), and cDNA synthesized using the Verso cDNA Synthesis Kit (ThermoFisher Scientific). Gene expression of CXCL1, COX-2, ICAM, MnSOD, BAX, BCL-XL, BCL-2, VEGFR2, and IL-11 was assessed using predesigned exon-spanning primers (Mm04207460_m1, Mm00478374_m1, Mm00516023_m1, Mm00449726_m1, Mm00432050_m1*, Mm00437783_m1, Mm00477631_m1, Mm01222421_m1, and Mm00434162_m1*; Applied Biosystems) using the StepOnePlus Real Time PCR System (Applied Biosystems). Relative quantitation was performed via normalization to the endogenous control b-2-microglobulin (cat. no. 433766F; Applied Biosystems) using the cycle threshold (DDCT) method.
Statistical Analysis
For comparison between treatment groups, the null hypothesis that no difference existed between treatment means was tested by ANOVA for multiple groups or t test for two groups (InStat; GraphPad Software, Inc., San Diego, CA). Statistical significance (P , 0.05) between and within groups was determined by means of Bonferroni's method of multiple comparisons.
Results

AKBI Mice Are Resistant to Hyperoxia-Induced Mortality
To evaluate the specific role of the IkB family of proteins in NF-kB signaling, IkBb knockin (AKBI) mice have been derived ( Figure 1A ). The AKBI mice have IkBb cDNA inserted behind the IkBa promoter, and are phenotypically indistinct from wild-type (WT) littermate control mice (28) . In this study, AKBI mice had significantly improved survival after exposure to hyperoxia when compared with WT mice ( Figure 1B ). Both groups had 100% survival in normoxia. However, by 5 days of hyperoxia, WT mice demonstrated 100% mortality, whereas AKBI mice had over 90% survival. Animals were weighed daily as a measure of intake and overall health ( Figure 1C ). Although WT and AKBI mice had similar weights before hyperoxic exposure, by 96 hours, the significant weight loss observed in WT mice was absent in AKBI mice. Given these findings, animals were exposed to 96 hours of hyperoxia for other assays.
AKBI Mice Have Less Vascular Leak after Hyperoxic Exposure
In normoxia, WT and AKBI mice had similar BALF protein content. Although WT mice had a 20-fold increase in BALF protein content after 96 hours of hyperoxic exposure, AKBI mice showed no significant increase (see Figure E1A in the online supplement). This suggested decreased oxygen toxicity in the AKBI compared with WT mice.
WT and AKBI Mice Have Similar BALF Cellular Content after Hyperoxic Exposure
In normoxia, WT and AKBI mice had similar BALF cellular content ( Figure E1B ). No significant difference in the total cellular BALF content or differential developed between WT and AKBI mice throughout the hyperoxic exposure ( Figure E1B ). Further evaluation demonstrated that there was no significant increase in the difference in BALF macrophage numbers between WT and AKBI mice ( Figure E1C ). Both WT and AKBI mice had similar and significantly increased neutrophil BALF counts after 96 hours of hyperoxia ( Figure E1D ).
WT and AKBI Mice Have Similar Pulmonary Expression of Key NF-kB Pathway Proteins
To evaluate the effect of the absence of IkBa and/or overexpression of IkBb on proteins involved in NF-kB signaling, Western blots were performed on whole-lung lysates from WT and AKBI mice. As expected, AKBI mice did not express IkBa, and showed IkBb overexpression when compared with WT ( Figure 2A ). No differences were found in the expression of p50, p65 c-Rel, IKKa, and IKKb between WT and AKBI mice (Figure 2A ).
Hyperoxia Decreases IkBb Expression Both WT and AKBI Lung
To define the signaling events related to NF-kB activation, levels of immunoreactive IkBa and IkBb were evaluated in cytosolic extracts from whole-lung homogenate. After exposure to hyperoxia, IkBa in WT mice demonstrated a cyclical pattern of degradation and reaccumulation through 96 hours of exposure ( Figure 2B ). Decreases in IkBb seen in the lungs of WT mice after exposure to 96 hours of hyperoxia were not significant, but, similar to IkBa, decreased with prolonged exposure (Figures 2B and  2D ). In contrast, in AKBI mice, IkBb decreased significantly throughout the 96 hours of hyperoxic exposure ( Figures 2B  and 2D ). These data suggest that hyperoxia promotes IkB degradation, and that AKBI mice have NF-kB signaling mediated solely through IkBb degradation. This suggests that IkBb-mediated NF-kB activation dictates a protective response to hyperoxia given the difference in survival between WT and AKBI mice.
AKBI Mice Have Prolonged Nuclear p65 Translocation after Hyperoxia
Having noted significant decreases in lung IkBb levels in AKBI mice exposed to hyperoxia, nuclear extracts were assessed for translocation of the NF-kB subunit, p65. Western analysis revealed significant increases in nuclear p65 in the lungs of WT mice at 48 hours, which returned to baseline by 72 hours. In contrast, nuclear p65 increased in the lungs of AKBI mice after 48 hours of hyperoxia, and remained elevated through 96 hours of exposure ( Figures 3A and 3B ). Increased nuclear translocation of p65 at 96 hours of exposure was associated with increased NF-kB consensus sequence binding, as demonstrated by electrophoretic mobility shift assay ( Figure 3C ). These data suggest a prolonged and sustained level of hyperoxia-induced NF-kB activity in AKBI mice that was not present in WT mice.
WT and AKBI Mice Have Similar Induction of NF-kB-Regulated Cytokines
Expression of IL-6 and IL-1b is known to be regulated by NF-kB activity (21) , and elevated in murine models of hyperoxic lung injury (3). Interestingly, IL-6 expression attenuates hyperoxic lung injury (31), whereas expression of the proinflammatory IL-1b is thought to exacerbate lung injury (3). Levels of IL-1b and IL-6 were assessed in BALF obtained from WT and AKBI mice exposed to hyperoxia for 0, 24, 48, 72, and 96 hours. Both cytokines were significantly elevated by prolonged exposure to hyperoxia in the BALF obtained from AKBI mice when compared with WT mice (Figures 4A and 4B ). In addition, we assessed whole-lung mRNA expression of the NF-kB-regulated proteins, CXCL1, COX-2, and ICAM, using quantitative real-time RT-PCR (21). Levels of CXCL1 and COX-2 mRNA were significantly elevated in both WT and AKBI mice exposed to hyperoxia ( Figures 4C and 4D ). In addition, there was a trend toward increased ICAM expression that did not reach significance ( Figure 4E ). These results are consistent with enhanced NF-kB activation, and suggest that increased expression of proinflammatory NFkB-regulated targets does not exacerbate hyperoxic lung injury in AKBI mice.
Antiapoptotic and Antioxidant NF-kB Target Gene Expression Is Enhanced in AKBI Mice
The expression of NF-kB-regulated proand antiapoptotic proteins was assessed on the basis of previous reports linking them to hyperoxic exposure (10, 32, 33) . Consistent with hyperoxia-induced NFkB activation, both WT and AKBI mice demonstrated induction of BAX mRNA and protein expression at 96 hours of exposure ( Figures 5A-5C ). Whereas no increase in BCL-XL or BCL-2 mRNA or protein was observed in the lungs of WT mice exposed to hyperoxia ( Figures  5D-5I ), these were significantly increased in the lungs of AKBI mice ( Figures  5D-5I) .
In addition to BCL-2 and BCL-XL, other NF-kB-regulated proteins are known to protect against hyperoxic lung injury. Specifically, NF-kB regulates the induction of IL-11 and MnSOD, as well as constitutive expression of VEGFR2 (21, 34) . Expression of these factors attenuates hyperoxic lung injury (11, 12, 35, 36) . Hyperoxia resulted in decreased expression of VEGFR2 and no induction of IL-11 expression in WT mice (Figures 6A-6E ). In contrast, hyperoxia-exposed AKBI mice demonstrated a significant up-regulation of both VEGFR2 and IL-11 mRNA and protein ( Figures 6A-6E ). In addition, we found that hyperoxia significantly induced MnSOD mRNA and protein expression in AKBI compared with WT mice (Figures 6F-6H) . Together with the increased expression of NF-kB-regulated antiapoptotic proteins, these results suggest that the prolonged hyperoxia-induced NF-kB nuclear translocation seen in AKBI mice tips the balance toward increased cell survival, and confers resistance to hyperoxic lung injury.
Hyperoxia Increases TUNEL Staining in WT Mice
Apoptosis was assessed by TUNEL staining of WT and AKBI adult mouse lungs at 96 hours of hyperoxia exposure. In agreement with the expression profile of antiapoptotic genes, hyperoxia induced apoptosis in the WT lung ( Figure 7 ). In contrast, there was no significant increase in the number of cells staining positive in the AKBI lung exposed to hyperoxia (Figure 7) . These results confirm increased apoptosis in the WT lung exposed to hyperoxia, a finding that was attenuated in the AKBI mice. 95%, 96 h) . Bands representing NF-kB consensus sequence binding and free probe are labeled. Lane 1, WT unexposed; lanes 2-5, WT exposed to 96 hours hyperoxia; lane 6, WT cold, WT exposed to 96-hour hyperoxia plus 50-fold excess of unlabeled oligonucleotide; lane 7, AKBI unexposed; lanes 8-11, AKBI exposed to 96-hour hyperoxia; lane 12, AKBI cold, AKBI exposed to 96-hour hyperoxia plus 50-fold excess of unlabeled oligonucleotide.
Discussion
We found that hyperoxia-induced NF-kB activity occurs in both WT and AKBI mice. In WT mice, this induction occurs over the first 48 hours of exposure, and results in the expression of proinflammatory and proapoptotic proteins. This is associated with significant mortality that occurs within 5 days of exposure. In contrast, hyperoxiainduced NF-kB activity in AKBI mice persists through 96 hours of exposure. Although proinflammatory and proapoptotic genes are expressed at levels equivalent to and, in some cases, in excess of WT mice, up-regulation of antioxidant and antiapoptotic proteins occurs with prolonged exposure. This results in attenuated lung injury and improved survival. Thus, targeting hyperoxia-induced NF-kB signaling represents a potential therapeutic target to limit lung injury.
These results are interesting, because this is the first study showing that enhanced NF-kB activation mediated by IkBb overexpression confers resistance to hyperoxic lung injury. Previous studies have shown that NF-kB activity prevents cell death induced by various types of oxidant stress. These include ischemia-reperfusion to the intestine and heart (16, 17, 19 ), oxidant stress induced by H 2 O 2 in A549 cells (18) , and glucose oxidase in murine embryonic fibroblast cells (37) . In addition, enhanced hyperoxiainduced NF-kB activation explains the resistance to lung injury seen in neonatal mice, in part due to inhibition of apoptosis. Previous studies have demonstrated that hyperoxic exposure results in apoptosis of pulmonary endothelial and epithelial cells (32, 38) . Consistent with this finding, pulmonary gene expression array analysis of mice exposed to hyperoxia shows induction of both pro-(BAX) and antiapoptotic (BCL-XL) proteins (33) . Of note, BAX, BCL-XL, and BCL-2 expression is regulated by NF-kB (24) . We found that the prolonged hyperoxia-induced NF-kB activation seen in AKBI mice was associated with increased expression of both BCL-2 and BCL-XL, and this was associated with attenuated apoptosis and improved survival. Although p53 2/2 , fas 2/2 , and tnfr 2/2 mice do not demonstrate resistance to hyperoxic lung injury (32, 39) , specific overexpression of proteins that contain four Bcl-2 homology domains (BCL-2, BCL-XL) and prevent mitochondrial permeabilization attenuates hyperoxic lung injury, whereas their absence increases sensitivity to oxygen toxicity (10, 40) . Our study supports the finding that enhancing expression of antiapoptotic proteins via NF-kB activation to prevent mitochondrial permeabilization prevents apoptosis and attenuates hyperoxic lung injury.
In this study, we evaluated the expression of various NF-kB-regulated proteins: pro-and anti-inflammatory cytokines and antioxidant enzymes. These targets were selected on the basis of previous reports linking these proteins to the pulmonary response to hyperoxic injury. Previous in vivo studies have shown that expression of MnSOD (36), IL-6 (31), and VEGF signaling mediated through VEGFR2 (11, 35) attenuate hyperoxic lung injury. Expression of each of these individual factors is regulated by NF-kB (21) . Here, we have demonstrated that the enhanced hyperoxia-induced NF-kB activity seen in AKBI mice is associated with increased expression of all of these protective factors. Importantly, NF-kB regulates the expression of additional proteins known to attenuate hyperoxic lung injury, but not evaluated in the current study. These include hemeoxygenase and p21 (41, 42) . Of note, the protection afforded by p21 was recently demonstrated to be mediated via BCL-XL, one of the NF-kB-regulated genes assessed in the current study (43) . Thus, targeting events upstream of NF-kB activation to enhance duration of activity, and thus affecting the expression of multiple cytoprotective genes, represents a potential therapeutic target to be tested in future studies.
Furthermore, our results are consistent with other reports demonstrating that disrupting signaling events upstream of NF-kB activation exacerbates hyperoxic lung injury. The increased susceptibility to hyperoxic lung injury seen in TLR4 2/2 mice is associated with a more transient activation of NFkB when compared with WT control animals, as well as attenuated Akt signaling and BCL-2 expression (14, 44) . Importantly, Akt signaling plays a role in NF-kB activation (22) , and constitutively active Akt prevents hyperoxic lung injury (45) . Placed in context with these previous reports, our results argue for a central role played by NF-kB activation in attenuating hyperoxic lung injury.
Hyperoxia results in increased pulmonary expression of NF-kB-regulated proapoptotic proteins (BAX [46] ), proinflammatory cytokines (IL-1b, CXCL1 [3, 47] ), and pro-oxidant enzymes (COX-2 [48] ). We found hyperoxia-induced induction of BAX, IL-1b, CXCL1, and COX-2 in both WT and AKBI mice. Our findings show that, despite expression of these proinflammatory, proapoptotic, and pro-oxidant factors, AKBI mice demonstrate resistance to hyperoxic lung injury. We speculate that, despite expression of proinflammatory signals, preventing apoptosis modulates lung injury and confers a survival advantage to hyperoxia-exposed mice. These findings are important, as targeting the transcriptional ORIGINAL RESEARCH activity of NF-kB, rather than one specific gene target, represents a fundamentally simpler therapeutic intervention. It is clear that hyperoxia-induced NF-kB activity occurs in WT mice, and that maintaining this activity prevents lung injury and mortality. Our results demonstrate that, although hyperoxia-induced NF-kB activation affects the expression of both protective and injurious factors, the net result of prolonged NF-kB activity is attenuated lung injury.
The possible mechanism underlying our finding is that IkBb-mediated, sustained NF-kB activity tips the balance of gene expression to include both antioxidant and antiapoptotic targets. In quiescent cells, NF-kB remains sequestered in the cytoplasm bound to members of the IkB family of inhibitory proteins (22) . Exposure to inflammatory stimuli results in phosphorylation of two N-terminal serine residues on both IkBa and IkBb, resulting in their degradation (22) . IkBa is transcriptionally regulated by NF-kB, allowing for a well regulated negative feedback loop that is both sensitive to and rapidly influenced by NF-kB activation (49) . Newly synthesized IkBa enters the nucleus and removes DNA-bound NF-kB complexes (24) . In contrast to IkBa, IkBb is degraded more slowly, it is not transcriptionally regulated by NF-kB, and, after degradation induced by inflammatory stimuli, reaccumulates as a hypophosphorylated form. Hypophosphorylated IkBb chaperones NF-kB dimers and facilitates DNA binding (26) . In contrast to the well defined NF-kB activation cascade that occurs after exposure to inflammatory stress, a definitive pathway after exposure to oxidant stress has not been established. Whether these same mechanisms are responsible for prolonged NF-kB activation seen in hyperoxia-exposed AKBI mice remains to be determined.
Our study is limited by the use of AKBI mice. From our work, it is clear that overexpression of IkBb and lack of IkBa affects baseline expression of NF-kB targets, including IL-1b and IL-6 ( Figures  6A and 6B ). This is likely true for other NFkB targets. These findings are in agreement with studies of IkBb 2/2 mice that show increased constitutive NF-kB activity (23) . Despite this difference, the AKBI mice are phenotypically indistinct from their WT control animals, and demonstrate normal lung architecture. In addition, we have not identified the specific cell types protected from apoptosis by prolonged NF-kB activation. Whether our findings are due to enhanced NF-kB activation in resident lung cells, or inflammatory cells recruited to the lung with ongoing hyperoxic injury, remains to be determined. Future studies identifying the specific cell type protected from apoptosis, and evaluating the effect of enhancing hyperoxia-induced NF-kB activity in WT mice, are needed to confirm our results.
We conclude that enhanced hyperoxia-induced NF-kB activity prevents hyperoxic lung injury and mortality in vivo. Specifically, NF-kB activation results in increased expression of cytoprotective factors, including MnSOD and antiapoptotic genes (BCL2 and BCL-XL). This protection occurs despite intact proinflammatory gene expression. Our results show that the toxic effects of hyperoxia can be attenuated by targeting the inhibitory proteins that dictate the duration of NFkB activity and ultimately downstream target gene expression. We speculate that interventions aimed at enhancing hyperoxia-induced NF-kB activation could attenuate lung injury. n
